Summary. Five different methods of analysing R-R interval (heart rate) variation were compared, using a computer technique, in 61 diabetics with a wide range of responses to autonomic function testing. Two methods differentiated best between the diabetics with and without autonomic damage: (1) the standard deviation of the mean R-R interval recorded for 5 min during quiet breathing with the subject either sitting or standing; (2) the difference between the maximum and minimum heart rates recorded over 1 min during deep breathing at six breaths per minute, again with the subject either sitting or standing. For routine clinical usage we conclude that recording the heart rate for 1 min on an ECG, while the subject sits and breaths deeply at six breaths per minute, and then measuring the difference between the maximum and minimum heart rate, is the most practical method currently available. For research purposes either this method or the standard deviation method during quiet breathing for 5 min, should be used.
heart rate variation in normal subjects. Subsequently several different methods of recording and analysing beat-to-beat variation have been described. These have included the computer analysis of a 5-min period of resting heart rate during normal breathing, with calculation of the standard deviation of the mean heart rate over that period [2] ; and measurement of the differences between successive R-R intervals obtained by an ECG with derivation of the 'mean square successive difference' [3] . Modifications of Wheeler and Watkins' original method of measuring beat-to-beat variation during 1 min of deep breathing have been described by Sundkvist et al. [4] and Hilsted and Jensen [5] using an ECG.
Although measurement of beat-to-beat heart rate variation is now generally accepted as a valid test of cardiac parasympathetic function [6, 7] there is still considerable debate as to which of the methods currently available is the most useful for general clinical use [8] . Doubts have also been expressed about the widespread and often non-critical acceptance of beat-to-beat variation as a test of autonomic function without adequate consideration of its reproducibility and usefulness, particularly in subjects with borderline results [9] . Accordingly, this study was designed to assess which of the methods currently available for measuring beat-to-beat heart rate variation is most suitable as a test of cardiac parasympathetic function in diabetics.
Subjects
Sixty-one diabetics, predominantly male (57 male, 4 female) were selected to obtain as wide a range of responses to autonomic function tests as possible. Their ages ranged from 25 to 69 years and the duration of diabetes from 2 to 39 years. Fifty-three subjects were on insulin and the remainder on oral hypoglycaemic agents. None of the subjects had symptoms or clinical signs of cardiac failure or respiratory disease and none was on treatment for hyper-tension. As part of another study each subject had a 24 h ECG tape recording, and all subjects were in sinus rhythm throughout the 24 h period. There was no evidence of sinus arrest or alternating bradycardia and tachycardia suggestive of the 'sick sinus syndrome' in any of the subjects.
Before beat-to-beat (R-R interval) heart rate was recorded, each subject performed four other autonomic function tests. These were the heart rate responses to the Valsalva manoeuvre and standing (assessing cardiac parasympathetic function); and the blood pressure responses to sustained handgrip and standing (assessing more widespread sympathetic damage). Details of these tests and their applicability in the assessment of autonomic function have been described elsewhere [6, 7, 9] .
On the basis of these tests, the subjects were divided into three groups: 1) those with normal autonomic function tests (group 1, n = 22) 2) those with abnormalities of autonomic function tests suggestive of cardiac parasympathetic damage only (either or both the Valsalva ratio or the 30/15 lying-standing heart rate ratio abnormal, or both tests borderline) (Abnormal PS, group 2, n = 14) 3) those with abnormalities of autonomic function tests suggestive of cardiac parasympathetic and more widespread sympathetic damage (both the Valsalva ratio and 30/15 ratio abnormal, and either or both the response to sustained hand grip and the postural fall in blood pressure abnormal, or both responses borderline) (Abnormal PS + S, group 3, n = 25). Table 1 gives the ages, duration of diabetes and mean responses to autonomic function tests in the three groups.
Methods

R-R Interval Recording Technique
Each subject's ECG was recorded onto magnetic tape as described previously [2, 10] . Three chest electrodes were used to minimize interference. A marker signal was used to indicate the start and finish of the study periods (see below) and recorded on a second channel of the tape recorder.
Protocol
Each subject had six study periods on each of two successive days, using a standard protocol. The ECG was recorded in three different positions -lying, sitting and standing, during both quiet and deep breathing. The order in which lying, sitting and standing were recorded was randomly allocated between the patients. In each position, after a period of 3 min quiet rest, the heart rate was recorded for a 5-min sample while the patient breathed quietly, and after a further 2-min interval the heart rate was recorded during a I-min sample of deep breathing at 6 breaths/min. On day 2 the protocol was repeated with the positions recorded in the same order. Before ECG recording began on day 1, each subject was given a training period of deep breathing at 6 breaths/min (5 s inspiration and 5 s expiration).
Seven subjects were recorded on one day only; three were unable to return for a second visit, and in the other four the recordings on day 2 were technically faulty.
Computer Analysis of R-R Interval
The magnetic tapes were replayed at 60 x real speed and fed into a purpose built R-R interval analyser for accurate timing of the R-R intervals. A digital and punch-tape print-out of successive R-R intervals was produced for each of the 12 study periods in all subjects. The punch tape was later fed into a PDP12 computer for further analysis. This computer was programmed to analyse each sample for number of heart beats, number of artefacts, mean R-R interval of the sample, standard deviation of the mean R-R interval, mean square successive difference and mean successive difference of the R-R intervals in the sample, mean heart rate, maximum and minimum R-R interval and heart rate, ratio of maximum to minimum R-R interval and heart rate. Of the 690 study periods analysed, 14 (2%) records (from 11 different subjects) had to be discarded as the samples were too short or had too many artefacts.
R-R Interval Variation Analysis
The following measures of R-R interval variation were made: 1) Standard deviation (SD) of the mean R-R interval of the sample period. This measure gives an indication of the spread around the mean value and hence an indication of the variability of the heart rate during a short sampling period, provided that the mean heart rate remains relatively constant. 2) Mean square successive difference (MSSD) of the R-R intervals recorded during the sample period. This is measured by calculating the mean of the squares of differences between successive R-R intervals. It gives an indication of the inter-beat differences and is a measure of actual beat-to-beat variation.
3) Mean successive difference (MSD) of the R-R intervals
recorded during the sample period. This measure is derived in the same way as method (2) except that successive differences are not squared, making it simpler to calculate. 4) Difference between the maximum and minimum heart rate (Max-Min HR) during the sample period. This measures the amplitude of the heart rate variation and is particularly applicable where a stimulus, such as deep breathing at 6 breaths/min, increases the heart rate variation in normal subjects but not in subjects with vagal damage. 5) Ratio of the longest to the shortest R-R interval during the sample period (M"/M;, R-R).
Statistical Analysis
The results obtained from each subject were later fed into a further computer programmed for statistical analysis of the data using a variety of standard techniques including analysis of variance, correlation coefficients, and Student's paired 't' test. The mean values for the sample periods on the two successive days were used to calculate the analysis of variance and the correlation coefficients, except in those subjects where only one recording of a particular sample period was available, when the single value was used. The results are expressed as mean ± SEM.
Results
Reproducibility of the Different Methods to Measure R-R Interval Variation
The results of the two successive days were compared for the five different measures of R-R interval variation. In all three positions, both during quiet and during deep breathing there were no statistically significant differences in 29 of the 30 results. The only 
Results of R-R Interval Variation in the Three Subject Groups
The mean results for SD, MSSD and Max-Min HR for the three groups of subjects are included in Table 2 . As can be seen, analysis of variance showed good separation between the groups with both SD and Max-Min HR but MSSD showed mainly nonsignificant results. The 'F' ratio reflects overall differences between groups and identifies variation whatever the source. In this case, the main source of the variation was between group I (normal) and the other two groups, both of whom had parasympathetic damage. The highest F ratios for SD were sitting and standing while breathing quietly; and for Max-Min HR sitting both breathing quietly and breathing deeply, and standing breathing deeply (Table 2) .
only the MSSD results are included in the tables. Similarly, the two measures of maximum and minimum heart rate, the Max-Min HR and the Max/Min R-R also correlated closely (r = 0.97). Consequently only Max-Min HR is included subsequently as this is a more widely accepted measure of R-R interval variation. The measures are therefore reproducible if repeated on successive days. 
•e:
•
r . 11.1 p < 0.01 NS = not significant; SD = standard deviation of mean R-R interval (ms); MSSD = mean square successive differences of R-R interval (ms); Max-Min HR = difference between maximum and minimum heart rates (beats/min) Table 3 gives the correlation coefficients between the different measures of R-R interval variation and the other tests of autonomic function in the whole group of 61 diabetics. As can be seen SD correlated well with the Valsalva ratio and the lying to standing 30/15 heart rate ratio (both measures of cardiac parasympathetic function) in all three positions both during quiet and during deep breathing, as did MaxMin HR. These measures also correlated, although not as closely, with the blood pressure response to sustained handgrip and the postural fall in blood pressure (both indicating wider sympathetic damage). As with the analysis of variance, MSSD showed poor results and only correlated with the 30115 ratio.
Correlation Between the Different Measures of R-R Interval Variation and Other Tests of Autonomic Function
There was a slight, but significant correlation in some positions between age and both SD and Max-Min HR; while duration of diabetes correlated slightly more closely with both measures. Table 3 also lists the correlation between mean heart rate in each position and the various indices of heart rate variation. As can be seen from the table SD and MSSD correlated with the mean heart rate, unlike Max-Min HR.
Mean Heart Rate
Relationship Between SD and Max-Min HR
SD has previously been measured in the standing position while breathing quietly [2] and Max-Min HR in the lying position while breathing deeply [1] . In view of this, the two measures were compared in these positions in the 61 subjects, and Fig. 1 shows the individual results from the first study day. There was a close correlation between the two measures (r = 0.62). Of the individual results, 19 were abnormal with both measures, and 18 normal with both measures. In only seven subjects was there a discrepancy -four with normal Max-Min HR and abnormal SD and three with abnormal Max-Min HR and normal SD. The remaining results were in the previously defined borderline zones of one or other test.
Discussion
This present analysis of different measures of R-R interval variation is the first comprehensive comparison of the currently available tests. Opportunity was taken to compare the lying, sitting and standing positions both while breathing quietly and while breathing deeply. As can be seen from the results, all measures were reproducible on the two successive days.
The five measures of R-R interval variation are based on three different ways of assessing and calculating the variation in heart rate over a short period. The first, which is measurement of the SD of the mean heart rate, has been used by us previously in diabetics [2] and by others in assessment of heart rate variation in other situations [11] ; and provides a numerical estimate of the spread about the mean heart rate. It is, however, only applicable if the mean heart rate is relatively constant. If heart rate changes markedly during recording, the SD will give erroneous results, and therefore it is more reliable over relatively short periods. For this reason we have pre-viously estimated heart rate variation by this method for approximately 5 min, with a rest period before recording to allow the heart rate to settle to a steady level [2] .
Measurement of inter-beat differences can be assessed by the method first described by Gundersen and Neubauer [3] for the MSSD. This measure will detect changes in the successive beat differences, and is independent of the trends in heart rate. As such, therefore, it estimates true "beat-to-beat" variation. MSD has not previously been measured, but is simpler to calculate than MSSD. However as can be seen the results were almost identical to MSSD.
The third way of assessing R-R interval variation is during deep breathing at 6 breaths/min with measurement of the maximum-minimum heart rate. This particular rate of breathing is used as it has been shown that in normal subjects this produces the maximum variation in heart rate [12, 13] and increases the separation between normal and abnormal in diabetics. The difference between maximum and minimum heart rate during deep breathing is now widely used as a test for autonomic neuropathy since its initial description by Wheeler and Watkins [1] . Sundkvist et al. [4] have produced a simple formula (Max/M;n R-R) for calculating this from an ECG, but as can be seen from our results this correlates almost exactly with the more widely used maximumminimum HR. Hilsted and Jensen [5] have shown that ECG measurements of maximum and minimum heart rates during deep breathing are reliable and reproducible.
Examination of our results in the three groups of diabetics shows that MSSD did not give good separation between normal and abnormal in contrast to SD and Max-Min HR. Sitting and standing during quiet breathing for SD, and during deep breathing for Max-Min HR gave the best results. When compared with other recognised tests of cardiovascular reflex function MSSD again did not correlate closely. There is of course no absolute standard against which the various methods of assessing R-R interval variation can be judged but we have taken the responses to the Valsalva manoeuvre and sustained handgrip, the lying to standing 30/15 heart ratio and the postural fall in blood pressure as standards here. It was to be expected that there would be a closer correlation with tests of cardiac vagal function (Valsalva manoeuvre and 30/15 ratio) than with tests of more widespread sympathetic involvement (handgrip and postural hypotension) and this is, in fact, the case.
One other feature to come out of our analysis is that whereas the measures using R-R interval (SD and MSSD) show a relationship with the mean heart rate, Max-Min HR is independent of the resting 23 heart rate. This means that irrespective of the resting heart rate, Max-Min HR can be used to discern normal from abnormal whereas the resting heart rate has to be considered in calculations involving SD.
From the results of this study we would conclude that R-R interval variation as a test of cardiac parasympathetic function is best measured by the MaxMin HR during deep breathing in either the sitting or standing position, or by the SD during quiet breathing in the same positions. In routine clinical practice we would now advocate that Max-Min HR using an ECG as described by Hilsted and Jensen [5] is probably the most practical method of assessing R -R interval variation that is currently available and this should be performed sitting as this is most convenient for the patient. Normal ranges have previously been defined with abnormal as less than 10 beats/min variation [13, 14] although these were taken in the lying position. For research purposes however, we would advocate either this method or SD during quiet breathing while standing, where normal ranges have also been clearly defined [2, 15] .
Despite our recommendations about heart rate variation there are some pitfalls for the unwary. Reproducibility in normal subjects using SD has been shown to be poor [7] and interpretation of borderline results of R-R interval variation is difficult as illustrated by our results. If the results are abnormal the interpretation is easy as both SD or Max-Min HR give consistent results. If however, the results are borderline, interpretation is more difficult. In these circumstances and indeed in all circumstances where autonomic function is assessed, we would stress the importance of doing a battery of autonomic function tests that reflect both parasympathetic and sympathetic damage and not just relying on anyone test. In our current practice we use the Valsalva manoeuvre, the lying to standing 30/15 heart rate ratio, sustained handgrip, and the postural fall in blood pressure as well as one measure of R-R interval variation. We are now adopting the maximum-minimum heart rate recorded during deep breathing at 6 breaths/min, and measured from an ECG, in our standard clinical assessment of autonomic function.
